The aim of this work was to develop a cryopreservation method of small liver biopsies for in situ mitochondrial function assessment. Herein we describe a detailed protocol for tissue collection, cryopreservation, high-resolution respirometry using complex I and II substrates, calculation and interpretation of respiratory parameters. Liver biopsies from cow and rat were sequentially frozen in a medium containing dimethylsulfoxide as cryoprotectant and stored for up to 3 months at −80°C. Oxygen consumption rate studies of fresh and cryopreserved samples revealed that most respiratory parameters remained unchanged. Additionally, outer mitochondrial membrane integrity was assessed adding cytochrome c, proving that our cryopreservation method does not harm mitochondrial structure. In sum, we present a reliable way to cryopreserve small liver biopsies without affecting mitochondrial function. Our protocol will enable the transport and storage of samples, extending and facilitating mitochondrial function analysis of liver biopsies.
Introduction
Mitochondria are eukaryotic cell organelles involved in synthesis and catabolism of metabolites, generation of reactive oxygen species [1, 2] , regulation of intracellular calcium concentrations [3] and apoptosis [4] . Most importantly they have a predominant role in cell bioenergetics, since these organelles are responsible for most of the ATP generated in many tissues [5] .
Mitochondrial electron transport and ATP production by oxidative phosphorylation can be assessed measuring oxygen consumption. Its correct assessment has become a staple concern of mitochondrial physiology research on neurodegenerative diseases [6, 7] , metabolic diseases [8] , aging and cancer [9] . It is also essential for the diagnosis of primary mitochondrial diseases [10] .
Mitochondrial redox function in tissues has been historically studied in preparations of isolated mitochondria [11, 12] and for some studies in submitochondrial particles [13] . Studies with isolated mitochondria can provide important data on the activity of the electron transport chain, the complexes that compose it [14, 15] and the coupling between electron transport and ATP synthesis [16] . However it is a weak instrument to interpret the role of mitochondria in the context of the cell or a specific parenchyma [17, 18] . Thus, in recent years, new methods have been developed to characterize mitochondrial respiratory function using tissue samples [19, 20] . Assessment of mitochondrial function in tissue biopsies can be performed with a few mg of tissue per assay [20] and is extremely relevant for a deeper understanding of metabolic changes at a given physiological moment [21] [22] [23] [24] .
Using tissue samples presents two main obstacles: In first place the plasma membrane of intact cells prevents the access of mitochondrial substrates such as succinate or ADP to the mitochondria [17, 22, 25] . Hence, selective plasma membrane permeabilization must be carried out. Once the plasma membrane is permeabilized, cytosolic metabolites and soluble enzymes are lost and the composition of the intracellular space is equilibrated with the incubation medium.
Another relevant limitation is that mitochondrial function assessment requires oxygen consumption measures to be performed immediately after the sample is taken, to ensure that the activity of the electron transport complexes and mitochondrial coupling are preserved. Studies involving a large number of individuals or samples obtained at locations distant from research facilities are often excluded, since it is not possible to assure that the mitochondria are structurally and functionally intact after a short period of time. The ability to store such samples and recover them at a later time without causing damage to the structure and/or function becomes imperative [26] .
So far there are very few compelling published data of tissue cryopreservation for the subsequent study of mitochondrial function. Cold storage of liver biopsies in ice cold medium preserves mitochondrial function of liver biopsies for only 60 min [27] . Cryopreservation of human skeletal muscle in media containing the cryoprotectant dimethyl sulfoxide showed conflicting results regarding its ability to preserve mitochondrial function [28, 29] . Only a single study storing purified mitochondria in 10% (v/v) dimethyl sulfoxide (DMSO) at −80°C and allowing samples to cool at a uniform rate of ≈ 1°C/min, showed intact structure and function of cryopreserved rat cortical mitochondria [26] .
Herein, we present a detailed protocol to cryopreserve and study mitochondrial respiratory function in freeze-thawed permeabilized liver biopsies.
Methods

Tissue collection
Samples were obtained from six multiparous Holstein cows, in late lactation, with an approximate weight of 560 ± 50 kg and 2.5 ± 0.25 body condition score units; and five Wistar female rats weighing approximately 500-600 g. Liver biopsies were obtained using a 14-gauge biopsy needle (Tru-Core®-II Automatic Biopsy Instrument; Angiotech, Lausanne, Switzerland) as previously described [27, 30] and washed in ice-cold modified MIR05 medium (0.5 mM EGTA, 3 mM MgCl 2 •6H 2 O, 60 mM MOPS, 20 mM taurine, 10 mM KH 2 PO 4 , 20 mM HEPES, 110 mM sucrose, 1 g/L BSA, pH 7.1) [24] to washout excess blood. Previous findings have proved that biopsy samples obtained by this procedure are equivalent to wedge biopsies and that samples as small as 2 mg can be used [27] . All animal procedures were approved by the Animal Experimentation Committee of Universidad de la República (UdelaR), Montevideo, Uruguay.
Cryopreservation
For cryopreservation, up to 10 mg of liver biopsies were immersed in cryotubes containing 1 mL of ice-cold modified University of Wisconsin solution [31] (20 mM histidine, 20 mM succinate, 3 mM glutathione, 1 µM leupeptin, 2 mM glutamate, 2 mM malate, 2 mM ATP, 0.5 mM EGTA, 3 mM MgCl 2 •6H 2 O, 60 mM MOPS, 20 mM taurine, 10 mM KH 2 PO 4 , 20 mM HEPES, 110 mM sucrose, 1 g/L BSA and 10% (v/v) DMSO).
The biopsies were then cryopreserved following a sequential freezing method, where decreasing temperatures were applied, to preserve cellular function. DMSO was added immediately before cryopreservation to each cryovial. Samples were left 6 min in ice, at approximately 2-4°C. Then they were transferred to a canister and placed at the neck tube of a 20 L liquid nitrogen tank (MVE series 2001 -Doble 20) at approximately 10-15 cm from the top, without inserting the cap plug and with a closed lid for 10 min, where they were exposed to nitrogen vapors at −110°C. Finally, samples were placed in the inner vessel of the tank and submerged in liquid nitrogen at approximately −196°C for at least 10 min (Fig. 1 ). These cryopreserved samples could be transported in liquid nitrogen from one location to another.
Alternatively we tried freezing the samples using the same cryopreservation medium but immediately submerging them in liquid nitrogen after collection. In order to differentiate between one method and the other, the latter samples were named frozen samples.
Frozen and cryopreserved samples were kept at −80°C and analyzed after 2-3 months of storage. Special care was taken to compare these two procedures, for this frozen and cryopreserved biopsies from the same animal were stored for the same time and analyzed the same day.
Samples were thawed placing the tubes under running water. Once the cryopreservation medium was completely thawed samples were immediately transferred to a petri dish and washed thoroughly, with at least 20 mL per biopsy of ice-cold modified MIR05 medium.
Permeabilization
Three permeabilization techniques have been described up to date: mechanical permeabilization, chemical permeabilization and freezethaw permeabilization.
Mechanical tissue permeabilization is carried out by dissecting the tissue with sharp forceps and it has been used with prostate and liver tissue [20, 32] . In the case of chemical permeabilization, agents such as digitonin and saponin have been used. Titration of the optimal concentration of these compounds is required to assure an increase in the permeability of the plasma membrane but leaving intracellular structures, in particular mitochondria, intact [18, 33] .
Permeabilization by freeze-thawing has been described in cardiac and skeletal muscle fibers and cells [28, 34] . Since cryopreservation implies freezing and thawing the samples for their posterior use, in this case the addition of chemical agents for permeabilization was not necessary.
On the other hand fresh liver biopsies (2-10 mg) were permeabilized in ice-cold MIR05 medium with saponin (50 μg mL −1 ) for 20 min [33] . After permeabilization samples were transferred to a petri dish and washed thoroughly, with at least 20 mL per biopsy of ice-cold modified MIR05 medium, and immediately analyzed. Plasma membrane permeabilization can be verified observing if mitochondrial oxygen consumption rate responds quickly to changes in concentrations of substrates or other effectors, that in absence of a permeabilizing agent would be incapable of traversing the plasma membrane [17, 21, 24, 25] .
Oxygen consumption rate measurements
Oxygen consumption rates were measured in a high-resolution respirometer OROBOROS Oxygraph −2 k at 37°C. The electrodes were calibrated in modified MIR05 respiration medium, with a calculated saturated oxygen concentration of 191 μM at 100 kPa barometric pressure [25] . Oxygen consumption rates (respiratory rates or oxygen fluxes) were calculated using the DatLab 4 analysis software (pmol O 2 min
). The liver samples were weighted before adding the tissue into the chamber. The average mass of liver tissue used in the assays varied between 2 and 10 mg. The experimental protocol started measuring the oxygen consumption rate of the biopsy in modified MIR05 respiration medium without the addition of substrates or inhibitors. We then measured the steady-state oxygen flux obtained after the sequential addition of specific substrates: 10 mM glutamate and 5 mM malate for complex I evaluation or 20 mM succinate for complex II evaluation and 4 mM adenosine diphosphate (ADP). Oxygen consumption rate was also measured after inhibiting ATP synthase with oligomycin (2 μM), and after uncoupling oxidative phosphorylation with carbonyl cyanide ptrifluoromethoxyphenylhydrazone (FCCP). Maximum uncoupling was obtained titrating FCCP concentrations used in the assay up to optimum concentrations in the range of 2-4 μM FCCP. Finally, respiration was inhibited by addition of 0.5 μM rotenone (complex I inhibitor) and 2.5 μM antimycin A (complex III inhibitor). This assay was completed within 45 min approximately. Fig. 2A and B show representative curves obtained using the protocol for complex I or II specific substrates, respectively. Oxygen consumption rate increased immediately after the addition of substrates confirming that the biopsies were permeabilized. As can be observed in these figures, oxygen consumption rates were practically unchanged by our cryopreservation method. Fresh and cryopreserved samples presented very similar respiratory profiles, while biopsies that were frozen straightaway (not sequentially) presented much lower respiration rates.
Respiratory parameters and indices
Respiratory parameters were obtained from high-resolution respirometry experiments as shown in Fig. 3 . Non-mitochondrial oxygen consumption (e), obtained after inhibition of the electron transport chain, was subtracted from all values; and respiratory parameters and indices were calculated as described by previous authors [5, 18, 25, 35] . Oxygen consumption rates (rates) were expressed in pmol O 2 min
; the volume of the chamber (V) was 2.4 mL in all cases, and the weight of the biopsy (sample weight) was expressed in mg: Fig. 1 . Cryopreservation of samples. The figure shows how liver biopsies in vials containing cryopreservation media were transferred first to a cooler with ice (approximately 2-4°C), then exposed to nitrogen vapors at the neck tube of a liquid nitrogen tank (−110°C) and finally were submerged in liquid nitrogen (−196°C), in order to achieve a gradual and slow freezing of the samples. After this procedure samples were ready for transport and storage at − 80°C. between state 3 respiration and oligomycin-resistant respiration obtained after inhibition of ATP synthase, and represents oxygen consumption linked to ADP phosphorylation [5, 16] :
Oligomycin-sensitive respiration was calculated as the difference
Spare respiratory capacity was calculated as the difference between the maximum respiratory rate and state 3 respiration. This parameter represents the ability of the electron transport chain to respond to an increase in energy demands and/or to resist an insult, and informs on the bioenergetic flexibility of the tissue [5] :
The respiratory control ratio (RCR) was calculated as the ratio between state 3 and state 4 respiration rates [38] Tables 1 and 2. Most respiratory parameters remained unchanged with respect to fresh samples, for both complex I and II substrates: State 4 and state 3 respiration, maximum respiratory rate, spare respiratory capacity and non-mitochondrial oxygen consumption were not significantly different. Moreover some parameters appeared to be slightly higher in cryopreserved than in fresh samples (state 3 and 4, Tables), although no statistical differences could be found. The latter could be due to differences in the permeabilization techniques.
Oligomycin-resistant and oligomycin-sensitive respiration were not affected by cryopreservation, when assessing mitochondrial function with complex I substrates, allowing us to calculate the respiratory control ratio along with coupling efficiency. However we noted significant differences in these parameters, between fresh and cryopreserved samples, when the experiments were performed using the complex II substrate, succinate. We thus conclude that the protocol with complex I specific substrates is more robust than the one with succinate, though the reasons behind these differences are not clear to us.
As can be appreciated from Tables 1 and 2 , while our cryopreservation technique was very efficient maintaining mitochondrial function, immediate freezing of the samples was not, since almost all respiratory parameters were impaired by this procedure. As mentioned before frozen samples were immersed in the same media as cryopreserved samples, and the main difference between the protocols was the sequential versus immediate freezing of the biopsies, underscoring the relevance of this step for the success of the protocol. 
The different respiratory parameters were obtained from oxygen consumption rate measurements performed as described in Fig. 2A . All results are expressed as mean ± standard error. Unpaired t-tests were performed using GraphPad Prism v. 6.0 (GraphPad, La Jolla, CA). Significance was set at P < 0.05 for all analyses. * P < 0.05. ** P < 0.01 indicate significant differences between fresh samples and treatments (n = 4-6). a Respiratory parameters are expressed as pmol O 2 min −1 mg −1 . 
The different respiratory parameters were obtained from oxygen consumption rate measurements performed as described in Fig. 2B . All results are expressed as mean ± standard error. Unpaired t-tests were performed using GraphPad Prism v. 6.0 (GraphPad, La Jolla, CA). Significance was set at P < 0.05 for all analyses. * P < 0.05. ** P < 0.01. *** P < 0.001. **** P < 0.0001 indicate significant differences between fresh samples and treatments (n = 4-6). a Respiratory parameters are expressed as pmol O 2 min −1 mg −1 .
Controlling outer mitochondrial membrane integrity
Since the outer mitochondrial membrane can be easily damaged by cryopreservation, we tested its integrity in cryopreserved samples with the addition of cytochrome c. Unlike other cytochromes, cytochrome c is loosely bound to the mitochondrial inner membrane and damage of the outer membrane can lead to the release of this protein to the cytosol and to its loss during permeabilization. The latter can be evidenced by an increase in oxygen consumption linked to cytochrome c addition. Although some authors have argued that cytochrome c release can be mediated by Bak and VDAC forming pores rather than by non-specific rupture [39] , this is a widely used technique to determine the intactness of the outer mitochondrial membrane [18, 26, 28, 29] .
Therefore state 3 respiration of cryopreserved samples was assessed with and without cytochrome c addition (10 µM) (Fig. 4) . No significant differences were found, suggesting that the outer membrane was unharmed by the procedure. The ratio between state 3 respiration with and without cytochrome c was 0.96 for both complex I and II protocols, similar to that reported by others [26, 28, 29] .
Concluding remarks
In sum, herein we present an effective method to cryopreserve small liver biopsies for in situ assessment of mitochondrial function. Our protocol will enable the transport and storage of samples, facilitating the analysis of biopsies obtained at locations away from research centers. It will also allow performing experiments with a large number of individuals, analysis of the same samples by different laboratories, banking and comparison of tissues obtained at different times and locations, Fig. 4 . Assessment of mitochondrial outer membrane integrity by addition of cytochrome c. State 3 respiration dependent on complex I (A) and II (B) substrates obtained as described in Fig. 2A and B respectively. The black bars represent state 3 respiration for fresh samples, grey bars show state 3 respiration for cryopreserved samples without the addition cytochrome c and white bars represent state 3 respiration with the addition of 10 µM cytochrome c. Unpaired t-tests were performed using GraphPad Prism v. 6.0 (GraphPad, La Jolla, CA). Significance was set at P < 0.05 for all analyses, ns stands for not significant (n = 12).
